ABSTRACT: The aim of this study was to evaluate the use of new oligonucleotide primers (mcyB-F/R, mcyB-F/R-A, and mcyB-F/R-B) designed from Brazilian cyanobacteria for the detection of microcystinproducing genotypes in 27 environmental samples from water reservoirs and 11 strains of Microcystis. Microcystins were found using HPLC in all 11 strains and 19 of the environmental samples. The new oligonucleotide primers amplified fragments of microcystin-producing genes, including the eight environmental samples in which no microcystins were detected by HPLC, but which presented amplified fragments, thereby demonstrating the existence of microcystin-producing genes. The new oligonucleotide primers exhibited better specificity when used with environmental samples and were more reliable in comparison with those described in the literature (mcyB-FAA/RAA and mcyA-Cd/FR), which generate false-negative results. The better performance of these new oligonucleotide primers underline the need for designing molecular markers that are well fitted to the regional biological diversity. As this is a fast predictive technique for determining the presence or absence of microcystins, it could be used either alone or in conjunction with other techniques, such as the screening of samples to be sent for quantitative toxicological analysis using HPLC, thereby reducing monitoring cost and time. #
INTRODUCTION
Cyanobacterial blooms are increasingly more frequent in freshwater ecosystems in Brazil, leading to harm with regard to both public health and the environment. The worst case involving human populations took place in the city of Caruaru, Brazil. During this outbreak, patients were exposed to microcystins in the water supplying a dialysis clinic in February 1996 (Jochimsen et al., 1998) . Following this occurrence, the monitoring of cyanobacteria and their toxins (microcystins) in reservoirs destined for the public water supply has become mandatory in Brazil (Regulation MS N. 518/2004) .
The hepatotoxin microcystin is produced by a nonribosomal pathway through a polyketide synthase/nonribosomal peptide synthetase (PKS/NRPS) complex known as microcystin synthetase, which is responsible for the incorporation of amino acids in the peptide chain (Kleinkauf and von Döhren, 1996) . The mcy gene cluster is responsible for toxin production, coding for microcystin synthetase (Dittmann et al., 1997; Tillett et al., 2000) . Among toxinproducing cyanobacteria in Brazil, the genus Microcystis stands out and produces a number of microcystin variants (Anjos et al., 2006) . Some strains of Microcystis are unable to produce toxins, but all strains with genes associated to microcystin biosynthesis should be viewed as potential toxin producers (Ouellette et al., 2006) . Moreover, there are no morphological differences between toxic and nontoxic colonies. Thus, the early detection of toxic cyanobacteria in water resources is advisable in order to avoid contamination and public health problems.
Agreement among analyses by enzyme-linked immunosorbent assays (ELISA), high performance liquid chromatography (HPLC), and molecular markers has confirmed the applicability of detection by polymerase chain reaction (PCR) of potentially toxic cyanobacterial populations (Kurmayer et al., 2002; Bittencourt-Oliveira, 2003; Hisbergues et al., 2003; Mankiewicz-Boczec et al., 2006; Saker et al., 2007; Dyble et al., 2008) . In a previous study, BittencourtOliveira (2003) investigated the presence of the mcyB gene in 60 Brazilian strains of Microcystis spp. isolated from 15 reservoirs used for the public water supply. In the study, 18 of all strains analyzed using the oligonucleotide primers FAA/RAA (Neilan et al., 1999) exhibited amplification for the mcyB gene and confirmation of microcystin production was obtained by ELISA.
In pilot experiments with environmental samples containing microcystin-producing cyanobacteria, the primers FAA/RAA and mcyA-Cd/FR (Hisbergues et al., 2003) generated false negative results (data not shown). This led to the need for constructing new primers that are suitable to the diversity of the community of cyanobacteria in aquatic systems in Brazil. Mcy gene clusters are different with respect to organization and nucleotide sequences (Mikalsen et al., 2003 , Tooming-Klunderud et al., 2008 . The consequence of these genetic variations is not yet fully understood (Hotto et al., 2007) .
It is our hypothesis that oligonucleotide primers designed from non-Brazilian strains would not be efficient enough in detecting microcystin-producing genotypes or even exploring the genetic diversity of Microcystis populations and would therefore underestimate their toxic potential. This is supported by the following facts: (a) a number of species of cyanobacteria are not cosmopolitan; (b) there is considerable genetic variability among the different geographic locations; and (c) Brazil has one of the greatest biodiversities on earth.
The aim of this study was to evaluate three sets of new oligonucleotide primers designed from Brazilian cyanobacteria for the detection of microcystin genes in cultivated strains and environmental samples from different water reservoirs. As culture-independent molecular methods used in the monitoring of aquatic ecosystems are necessary, a further aim was to use environmental samples without DNA extraction (Pan et al., 2002) and the results were compared with those obtained with DNA extraction.
MATERIALS AND METHODS

Sampling and Strains of Cyanobacteria
Eleven clonal and nonaxenic strains of Microcystis spp. and 27 environmental samples were used. Strains were isolated from aquatic habitats in different geographic regions of Brazil. Environmental samples were collected from reservoirs used for the public water supply, using a plankton net with 25 lm mesh and/or van Dorn bottle (Tables I and II) .
All cultures belong to the Brazilian Cyanobacteria Collection of the University of São Paulo (BCCUSP; previously named FCLA), Brazil. The unialgal strains NPJB-1, NPLJ-4, and NPLJ-47 were obtained from the Cyanobacteria Collection of the Instituto Carlos Chagas-Universidade Federal do Rio de Janeiro.
Morphological identification of cyanobacteria was performed based on Geitler (1932) and Anagnostidis (1998, 2005) .
Sample Treatment
DNA was extracted from the environmental samples, from isolated strains in the exponential growth phase and from lyophilized material (Billings reservoir, May 2004) . For the environmental samples, PCR amplification was performed on genomic DNA obtained from an extraction process and whole-cells (whole-cell PCR).
One milliliter from the environmental sample was centrifuged and used to extract DNA. DNA extraction was performed using cetyltrimethyl ammonium bromide (CTAB) buffer (2% w/v) incubated at 608C in a water bath for 30 min (Roger and Bendich, 1985) . Sixty microliter of chloroform:isoamyl alcohol (24:1 v/v) was added, mixed by gentle inversion and centrifuged (14,000 rpm for 5 min at 258C). The supernatant was transferred to a sterile microcentrifuge tube and digested with RNAse (10 mg/lL) at 378C for 15 min. The DNA was precipitated with isopropanol, followed by elution in TE buffer.
The whole-cell PCR used 1 mL of environmental samples containing plenty of Microcystis colonies. These colonies were directly collected from sample with an automatic pipette and washed three times by centrifugation (14,000 rpm for 5 min) with distilled water to remove PCR-inhibiting substances. The supernatant was carefully removed and the cells were warmed in a bath at 508C for 30 min. An aliquot of 4 lL (10 4 cells) was used for the PCR. 
Oligonucleotide Primers Design
Primer 3 version 4.0 (Rozen and Skaletsky, 2000) was used to design the three pairs of oligonucleotide primers. The choice of the primer sequences was made based on the oligonucleotide primer options generated by the software program, such as Tm parameters, %GC, dimerization, hairpin formation, and extremity stability. Three new oligonucleotide primers (mcyB-F/R, mcyB-F/ R-A, and mcyB-F/R-B) were designed based on the sequencing of mcyB fragments amplified with FAA/RAA (Neilan et al., 1999) with 759 to 822 bp using 15 Brazilian Microcystis strains (Bittencourt-Oliveira et al., 2011) and several others available in the GenBank and EMBL databases. All were microcystin-producing strains.
The selected primer sequences were checked for homology with other known sequences deposited in the databases using the Basic Local Alignment Search Tool (BLAST) (Altschul et al., 1997) . Some strains of Anabaena and Planktothrix as well as many strains of Microcystis, which is the genus responsible for the majority of cyanobacterial blooms in Brazil, demonstrated homology.
PCR Amplification
The polymerase chain reaction (PCR) was performed in a GeneAmp PCR System 9700 thermocycler (Applied Biosystems, Foster City, CA), using the specific pureTaq Ready-To-Go PCR Beads (Amersham, Piscataway, NJ), with 20 lM of each oligonucleotide primer in a total volume of 25 lL.
For PCR amplification of three new oligonucleotide primers pairs (mcyB-F/R, mcyB-F/R-A, and mcyB-F/R-B), the following sequence of cycling parameters was used: 948C for 2 min, 35 cycles at 948C for 10 s; 508C for 20 s, and 728C for 1 min, followed by final extension at 728C for 5 min. For the oligonucleotide primers FAA/RAA (mcyB) and mcyA-Cd/FR (mcyA), the amplification reactions were carried out using the conditions described by Neilan et al. (1999) and Hisbergues et al. (2003) , respectively.
Oligonucleotide primers for the phycocyanin operon (cpcBA) (Neilan et al., 1995) were used to confirm the presence of cyanobacterial DNA in samples, based on the procedure described by Baker et al. ( 2001) . DNA from microcystin-producing strains, as BCCUSP155, 232, 298, or 299, was used as positive control at the same reaction conditions with the same primers (data not shown). Negative controls were carried out by using the same reaction conditions and primers, but without template DNA. All primers were synthesized by IDT (Medley, FL).
PCR reactions were performed at least in duplicate. The oligonucleotide primers used are listed in Table III. Amplification products were visualized on electrophoresis on 0.7% agarose gels stained with ethidium bromide (0.2 lg/mL) in 13 TBE running buffer and recorded using the Electrophoresis Documentation and Analysis System 290 (EDAS 290) (Kodak, Melville, NY).
Sequencing
The amplified fragments from the environmental samples from the Carpina and Mundaú reservoirs (mcyB-F/R Number Accession x 5 HQ 232485; mcyB-F/R-A Number Accession y 5 232487; mcyB-F/R-B Number Accession z 5 HQ 232486; mcyA-Cd/FR Number Accession w 5 HQ 232484) were directly sequenced using the forward and reverse primers with the DYEnamic ET Terminator Cycle Sequencing Kit (Amersham Biosciences, Pittsburgh, PA) in the 3100 ABI Sequencher (Applied Biosystems, Foster City, CA), following the manufacturer's instructions. To avoid PCR-generated errors, at least two separate amplification reactions were pooled for sequencing. The PCR products were sequenced on both strands. The sequences were initially analyzed by a similarity search using BLAST (Altschul et al., 1997) to determine the identity to homologue sequences.
Microcystin Analysis
Microcystin production was determined via immunoassay using the ELISA EnviroLogix TM Microcystin Plate Kit (EnviroLogix Inc, Maine), based on the procedure described by Chu et al. (1989) , as well as with HPLC-UV, based on the procedure described by Lawton et al. (1994) . HPLC analyses were performed with a Shimadzu HPLC System equipped with a Shimadzu UV-SPD 10 A VP detector at 238 nm.
RESULTS
Cultured Strains
Microcystins were detected by HPLC or ELISA in all the strains studied (Table IV) . The three pairs of designed oligonucleotide primers (mcyB-F/R, mcyB-F/R-A, and mcyB-F/R-B) gave rise to amplified fragments of expected sizes in all strains exhibiting microcystin production by HPLC.
Ten of eleven strains examined were compatible with microcystin production when analyzed by HPLC. Results for the sole strain BCCUSP255 revealed that microcystin was absent when analyzed with HPLC, but present when the ELISA method was used. Such results could either be a false-positive in the detection by ELISA or signify that the microcystin was below the resolution limit of the HPLC method. Since the microcystin concentration obtained from the NPLJ-4 strain was 0.013 ng/mg, therefore, 10 times smaller than the one from BCCUSP255, we come thus to the conclusion that the result from ELISA was false-positive. Also for the BCCUSP255 strain, the oligonucleotide primers FAA/RAA provided a positive result for the presence of the gene involved in microcystin biosynthesis, although all other primer sets provided negative results. As four of the five molecular markers confirmed the HPLC result (absence of microcystin), we came to the conclusion that the FAA/RAA presented a false-positive. The other variation occurred with the BCCUSP100 strain, which produced microcystin and presented a single negative result for mcyA-Cd/FR.
Environmental Samples
The sequences obtained using the three new oligonucleotide primers exhibited high similarity with species of Microcystis as well as other noncultured, unidentified cyanobacteria. The sequence generated by mcyB-F/R (accession number X 5 HQ 232485) exhibited 98% identity with six sequences from M. aeruginosa (AB474608.1, AB474602.1, AB474593.1, EU009867.1, AB019578.2, and AJ492553.1). Regarding the oligonucleotide primer mcyB-F/R-B, the sequence with accession number Z 5 HQ 232486 exhibited 98% similarity to M. aeruginosa (AP009552.1) and M. viridis (EF115401.1). Accession number Y 5 HQ 232487 from mcyB-F/R-A exhibited 99% identity with M. aeruginosa (EU009869.1, EU009866.1, and AJ492552.1).
Potentially hepatotoxic cyanobacteria were frequently present in all samples analyzed. Species from the genus Microcystis were the most recurrent, particularly M. novacekii, M. panniformis, and M. aeruginosa (Table II) . All samples from the Billings, Rio Grande, Taquacetuba, Carpina, and Mundaú reservoirs were blooming with scum formed mostly by Microcystis spp. In the Jundiai reservoir, species from the genus Anabaena were predominant, with straight and coiled trichomes, which were not identified because of missing akinetes and rare occurrences of heterocytes. Microcystis colonies were found in the same reservoir, but in small quantities. The sample from the Paiva Castro reservoir, although not visually exhibiting a bloom, had several colonies of chroococcacean picoplankton Epigloeosphaera brasilica Azevedo et al. (Fig. 1) , which produced substantial quantities of microcystins (2.35 lg/L).
Cyanobacteria were confirmed by the amplification of cpcBA in all samples. For the RG sample (Table V) , the amplification of two bands was observed with these primers, likely because of the presence of other genera of cyanobacteria with different sizes for this fragment, such as Anabaena and Microcystis.
From the total of 27 environmental samples containing cyanobacteria, microcystins were found in 21 using HPLC where in six from these the concentration was not measured but their presence was detected. In all these 21 samples, the new oligonucleotide primers (mcyB-F/R, mcyB-F/R-A, and mcyB-F/R-B) amplified fragments in at least one of the treatments (DNA extraction and/or whole-cell PCR), indicating microcystin-producing genotypes (Table V) . An example of agarose gel is shown in Figure 2 .
Among these 21 samples (except BI.1, which was not tested), microcystin-producing genotypes were detected in 12 samples using the mcyA-Cd/FR primer set (Table V) . Among the seven samples from Jundiai with a predomination of Anabaena species (Table II) , the mcyA-Cd/FR primer set was positive for six (Table V) . However, for 16 samples presenting microcystins analyzed with the FAA/ RAA, only one was positive, while the remaining were false-negative.
In six samples (BI.2, CP.3, CP.4, CP.5, CP.6, and MU.1) from three reservoirs (Carpina, Mundaú, and Billings), no microcystins were found using HPLC. In two out of these samples, microcystins were found using ELISA (CP.3 and CP.6) ( Table V) . However, using the new oligonucleotide primers with both methodologies (DNA extraction and whole-cell PCR), amplified fragments were obtained, indicating the existence of microcystin synthetase genes.
Unexpected fragments (other than the specific one) occurred sparsely in the amplification reactions using the oligonucleotide primer mcyB-F/R-A pair, but without interfering in the reading of results, since these fragments were less evident. In the case of mcyB-F/R-B, unexpected fragments were more frequent and in larger number, with variable intensities, sometimes confounding the correct interpretation. McyB-F/R only revealed the expected fragments and was 100% in agreement with the positive results for microcystin detected using HPLC. Moreover, mcyB-F/R was also positive for all samples in which microcystin was not detected by HPLC.
By comparing the PCR reactions using samples submitted to two treatments, we found out that efficiency was slightly higher with DNA extraction than whole-cell PCR. However, nonspecific fragments were more frequent in the extracted DNA.
DISCUSSION
Seven reservoirs the northeastern (state of Pernambuco) and southeastern (state of São Paulo) regions of Brazil, which are used intensively for the public water supply and leisure, were investigated for the detection of microcystinproducing genotypes using the PCR amplification of the mcyB and mcyA genes. To achieve this goal, three new oligonucleotide primers (mcyB-F/R, mcyB-F/R-A, and mcyB-F/R-B) based on sequences from Brazilian strains were designed. Additionally, other oligonucleotide primers (FAA/RAA and mcyA-Cd/FR) described in the literature were used for comparison, Neilan et al. (1999) and Hisbergues et al. (2003) , respectively. All environmental samples exhibited cyanobacteria with a potential for microcystin production, that is, with PCR amplification for mcy genes, which were detected by one or more oligonucleotide primers.
There are frequent reports of blooms of cyanobacteria in the reservoirs sampled (Souza et al., 1998; Bouvy et al., 2000; Anjos et al., 2006; Moura et al., 2007; Dantas et al., 2008) , mainly species of Microcystis. The production of microcystin in blooms of Epigloeosphaera brasilica was recorded for the first time. Picoplankton cyanobacteria are generally overlooked in the monitoring of water supplies, but their toxic potential is considerable and should be measured (Domingos et al., 1999) .
The applicability of mcy genes as molecular markers for microcystin detection in environmental or culture samples has been widely demonstrated (Kurmayer et al., 2002; Pan et al., 2002; Via-Ordorika et al., 2004; Mbedi et al., 2005; Oberholster et al., 2006; Rantala et al., 2006; MankiewiczBoczek et al., 2006) . In this study, markers for mcyB proved to be more efficient in detecting toxic genotypes than markers for mcyA.
In a study on three Polish lakes in which Microcystis aeruginosa, Planktothrix agardhii and Planktolyngbya spp. predominated, Mankiewicz-Boczek et al. (2006) found variation in the detection of toxic genotypes using oligonucleotide primers for different mcy genes. The mcyE gene was amplified in 100% of samples with microcystins, while mcyB was amplified in 96% of samples; mcyD and mcyA were only amplified in 84% and 80% of samples, respectively. Saker et al. (2007) found the amplification of the mcyA gene, even when the concentration of cyanobacterium cells from genera that potentially produce microcystins was very low and even when microcystins were not detected. However, Via-Ordorika et al. (2004) and Mankiewicz-Boczek et al. (2006) obtained false-negative results for this oligonucleotide primer. Mbedi et al. (2005) studied variability in mcy genes from Planktothrix and found mcyA to exhibit greater variation and false negative results. McyA is composed of a mosaic of conserved and variable regions. This variability could result in the nonannealing of oligonucleotide primers and, consequently, the nonamplification of the targets (Kurmayer et al., 2005; Mbedi et al., 2005) .
The primers designed for mcyB in this study were much more efficient for the Brazilian strains analyzed when compared with FAA/RAA. This improved performance could be attributed to variations in the mcyB gene sequences of Brazilian cyanobacterial populations, affecting the annealing of oligonucleotide primers.
Among the three new primers tested, mcyB-F/R was the most adequate, as it presented no false negative in samples with microcystins detected with HPLC. The presence of nonspecific bands in the samples using mcyB-F/ R-A did not impede the correct reading of the results, because the expected size of the marker was previously known. Thus, this primer could be used in association with mcyB-F/R. However, mcyB-F/R-B did not perform well due to several nonspecific bands that hampered the correct reading of the results.
Twenty-seven samples were analyzed in this study. For two of these samples (CP.4 and CP.5), the presence of microcystins was not detected by either HPLC or ELISA. Moreover, in samples MU.1 and BI.2, microcystins were not found using HPLC, but these results were not confirmed by ELISA. Amplified fragments in samples without microcystins detected by HPLC have been reported elsewhere Via-Ordorika et al., 2004; Ouahid et al., 2005; Mankiewicz-Boczek et al., 2006; Saker et al., 2007) . There are a number of interpretations for this, such as microcystin-producing genotypes that are not expressed (Kurmayer and Kutzenberger, 2003; Bittencourt-Oliveira, 2003) or the toxin is present, but at concentrations below the detection limit of HPLC. The presence of microcystin synthetase genes does not necessarily indicate the production of microcystins, but it does indicate the potential for their production. Moreover, it is widely known that environmental factors such as light, temperature, biological rhythm and nutrients can affect microcystin production rates (Watanabe and Oishi, 1985; Utkilen and Gjølme, 1992; Lukac and Aegerter, 1993; Bittencourt-Oliveira et al., 2005) . Kaebernick et al. (2001) recorded a spontaneous mutant of microcystin biosynthesis that had lost its capacity for toxin production. Kurmayer et al. (2004) observed in nature that microcystin is lacking in some of Planktothrix, although these strains contain all the genes for microcystin synthetase. The authors speculate that these strains lost the ability to synthesize microcystin due to gene inactivation and that another small peptide could functionally substitute this toxin.
Recent studies have demonstrated that some strains have no capacity for toxin production because they do not have the entire mcy gene cluster. Transposon insertion events could be responsible for deletions in the cluster sequence, leading to only pieces of the sequence that may still promote fragment amplification (Christiansen et al., 2006 (Christiansen et al., , 2008 . Likewise, natural genetic mutations could occur, leading to gene inactivation and giving rise to mutant genotypes (Mbedi et al., 2005) .
Whole-cell PCR proved to be a fast, simple and inexpensive technique that does not use bovine serum albumin (Pan et al., 2002) or organic solvents, as DNA extraction is not necessary. The sporadic cases of disagreement in the results between both treatments could be related to the following: presence of inhibiting substances in the PCR reaction, which is a very common circumstance in nature samples (Tsai and Olson, 1992; Carol, 1996; Pan et al., 2002) ; excess of cells in the reaction (Ruangyuttikarn et al., 2004) ; selectivity in cell lysis; PCR bias; and inefficient DNA extraction (Ravenschlag et al., 1999) . Despite the advantages of whole-cell PCR, the use of DNA extraction allows storing and performing further tests if necessary. The positive amplifications for lyophilized cells indicate that this sample preservation process was also satisfactory in the molecular detection of potentially hepatotoxic cyanobacteria, thereby constituting a good alternative for sample storage.
The oligonucleotide primers specifically designed from Brazilian populations of cyanobacteria achieved better specificity and reliability in comparison to those described in Neilan et al. (1999) (FAA/RAA) and Hisbergues et al. (2003) (mcyA-Cd/FR) when used with environmental samples. Regional differences in cyanobacteria could be underestimated when primers designed from nonlocal isolates are used. This reinforces the need for studies on microcystinproducing genotype sequencing from different regions and/ or environments.
The methodology used and the new oligonucleotide primers tested have a high potential for use in the monitoring of reservoirs used for the public water supply in Brazil. Since this is a fast, predictive method for indicating the presence or absence of microcystin genes, it could be used either alone or with other techniques, such as for the screening of samples to be sent for quantitative toxicological analysis, thereby reducing monitoring costs and time.
The findings of the present study reveal that oligonucleotide primers for the detection of microcystin-producing genotypes in environmental samples should be carefully chosen in order to avoid the underestimation of their toxic potential.
